The correlation between molecular conductivity and mechanical properties (molecular deformation and frictional responses) of hexadecylsilane self-assembled monolayers was studied with conductive probe atomic force microscopy / friction force microscopy in ultrahigh vacuum. Current and friction were measured as a function of applied pressure, simultaneously, while imaging the topography of self-assembled monolayer molecule islands and silicon surfaces covered with a thin oxide layer. Friction images reveal lower friction over the molecules forming islands than over the bare silicon surface, indicating the lubricating functionality of alkylsilane molecules. By measuring the tunneling current change due to changing of the height of the molecular islands by tilting the molecules under pressure from the tip we obtained an effective conductance decay constant (β) of 0.52 /Å.
I. Introduction:
Friction and adhesion are important issues for controlling the efficiency of nanoscale moving parts. Passivating surfaces with self-assembled monolayers (SAMs) is one of the strategies used for minimizing stiction and reducing adhesion and friction in micro-or nano-electromechanical systems (MEMS/NEMS) [1] [2] [3] [4] . Due to their robust and inert nature, SAMs with silane head groups chemistry allow for passivation of hydrophilic silicon surfaces and show promise to reduce both adhesion and friction at MEMS interfaces and thus improve device performance 1,2 5 . The tight packing of SAMs due to Van der Waals attractive forces prevents, at moderate loads, low energy excitations (molecular bending or tilt, gauche defects, etc.), which are major contributors to energy dissipation processes during friction 4 , implying the strong correlation between the tribological properties and molecular conformation in the SAMs.
The electronic structures of SAMs with silane head groups have been extensively studied with various techniques such as conductive atomic force microscope (AFM) or mercury-drop junctions with potential application of molecular electronic devices 6 7,8 . For example, octadecyltrichlorosilane (OTS) has been proposed and used as a gate insulator in organic electronics 9 . Earlier studies indicate that the charge transport properties of SAMs with silane head groups is greatly influenced by the molecular deformation that results in structural variation of molecules such as tilting or disordering 10 .
In this paper we present a study of the charge transport properties of SAMs with silane head groups that has served as a good model lubricant system. Our approach involves the formation of SAM islands with the size of 100-200 nm. The heights of islands (molecular deformation) can be obtained from topographical AFM images, while 3 nanotribological and charge transport properties of SAMs are measured using AFM with a conducting tip. In this manner, we can vary the load applied to the tip-sample contact while simultaneously measuring the frictional responses and electronic conductance as illustrated in Fig. 1 and thus investigate the role of molecular deformation or tilting in determining the decay parameter β.
II. Experimental details
The samples consist of islands of alkylsilanols: CH 3 -(CH 2 ) n-1 -Si(OH) 3 , with n = 16 adsorbed on silicon surface. The compounds, received as triethoxysilanes, were diluted in an ethanoic solution. The size, number, and distribution of islands on the surface depend on immersion time and solution concentration 1 . Pieces of silicon (111) wafer (Virginia Semiconductor, n type, 0.001 Ohm.cm) were dipped in a dilute HF solution to remove the native oxide layer and immediately transferred to pure water for a thin oxide layer regrowth. The wafer was then dipped for 15 s directly in a 2 mM ethanoic solution of triethoxysilanes, which also contained HCl in 1 mM concentration. Lastly, the sample was rinsed with ethanol and blown dry with nitrogen gas.
This preparation technique produced monolayer islands of alkylsilane surrounded by clean silicon oxide as opposed to preparations from aprotic solvents which frequently leave a residue of alkylsilane loosely packed and lying horizontally on the silicon oxide surface. We hypothesize that the success of the ethanoic solution is due to the strong binding of the protic solvents to the silicon oxide surface. The solvent protects the surface from deposition of the alkylsilane unless the silane-surface bond is formed.
4
The friction experiments were performed with a commercial RHK-Technology STM/AFM system mounted in a chamber with a base pressure of 1.0 x 10 -10 torr 11 . The use of a vacuum environment is important because in air, even small amounts of water due to the ambient humidity can lead to oxidation reactions of the Si at positive sample bias 12 . We used cantilevers with spring constants of 2.5 N/m coated with approximately 30 nm of TiN, which is hard and conducting. The normal force exerted by the cantilever was maintained constant during AFM imaging, while the current and friction force between tip and sample were recorded simultaneously 13, 14 . To determine the forces, the cantilever spring constant was calibrated by using the resonance-damping method of Sader et al., 15 while the lateral force was calibrated with the wedge method of Ogletree et al. 16 The radii of the metal-coated tips were 30-50 nm before contact, as measured by scanning electron microscopy. When measured after a contact experiment however, the radii were found to be 80-120 nm. The loads used in this study were small enough so that no damage was produced on the surface, as determined by inspection of the images with Ångstrom depth sensitivity as well as by the reproducibility of the friction and adhesion measurements. Since the measured friction force did not change at constant load and did not show time-dependent behavior in the elastic regime, we assume that the changes in tip radius took place soon after the first contact, with minimal changes during subsequent contact measurements.
III. Results
Figs.2a, 2b, 2c show the topographic, friction, and current images, respectively, that were acquired simultaneously on hexadecylsilane islands. The image size is 500 x 500 nm. Figs. 2d, 2e, 2f show the line profiles of topography, friction, and current images, respectively that were measured at the line marked in Fig 2a. As shown in the line profile of topography, the hexadecylsilane islands have the size of 100-200 nm and the height of 1.6 nm at the applied load of 0 nN (or effective total load of 20 nN). Friction on the island is approximately three times lower than that on the surrounding bare silicon, consistent with the low friction of the lubricating alkylsilane layer. It is also clear that the current measured on the alkylsilane island is much smaller than that measured on the silicon surface. From the line profile of the current map, the current measured on the silicon surface is 420 ± 160 nA. The high noise level can be associated with electrical character of third bodies between the tip and the sample such as the thin oxide or organic molecules. is reverse biased and shows depletion at small voltages 17 18 ,19 . Fig. 3 also shows the I-V curve measured at the silicon surface with the applied load of 0 nN. The measurement of current on the molecules is reversible up to the applied load of 40 nN. But at the higher 6 load, the contact AFM measurement is not reversible, indicating that the molecular islands are deformed irreversibly at high pressures.
Friction and current were measured simultaneously as a function of the applied load on silicon and hexadecylsilane molecules as shown in Fig. 4 . This was possible because the tip scanned over both the bare silicon and hexadecylsilane molecular islands in contact mode. Fig. 4a and 4b show plots of friction and current versus applied load, respectively. The inset shows the friction and current maps. In these maps, the tip scans repeatedly along one direction only (the y axis), while the applied load is increased stepwise in each scan line along the x axis. Friction on the island is approximately three times lower than that on silicon surface at the applied load between -20 and 40 nN. In the wearless regime the friction at the single asperity (f) is described by f = τ A, where A is the contact area and τ is shear stress of the interface. The contact area, A depends on the applied load and adhesion force. Since as shown in the Fig. 4a , the adhesion force is similar and equal to 20 ± 5 nN on both the silicon and the molecular islands, the contact area at the same applied load should also be the same. Therefore, the lower friction force measured on the molecule islands is due to the lower shear stress, which reflects the lubricating nature of alkylsilane self-assembled monolayer. The friction forces on silicon surface exhibit a rather linear dependence. This can be associated with the multiple contact between the AFM tip and silicon covered with the amorphous oxide or nonuniform value of shear stress (τ) of the interface. As shown in Fig. 4b , the current measured on the molecule islands is much lower than that on the silicon surface (by one or two orders of magnitude depending on the applied load). It is also noticeable that the current on the molecule islands increases more rapidly with increasing load than on the 7 bare silicon area. While on silicon the current increases in proportion to the contact area 18 , on top of the islands it increases more rapidly. As discussed below this is connected with a tilting of molecules under load, which in addition to introducing changes in the bonding structure between molecule and substrate may open additional tunneling channels through neighboring molecules. 
IV. Discussion
According to the commonly used approximation of the Simmons model, the current Slowinski et al. 24 proposed a two-pathway conductance model involving tunneling along the length of the alkyl chain (through-bond), and also chain-to-chain coupling. The first pathway is independent of tilt, while the second depends on the tilt angle. In this simplified model, the tunneling current is given by:
where t I is the current at a specific tilt angle Θ , d the length of the molecule (for C16, d = 24Å), s n is a statistical factor accounting for the number of pathways containing a single lateral hop as compared to those containing only through-bond hops.
In our case s n =16, the number of carbon atoms in the molecule; CC d = 4.3Å, the diameter of the alkane chains; and TB β and TS β are respectively through-bond and through-space decay constants. Fig. 5 shows the best fit of two pathway model into the experimental data of current measured as a function of heights of molecule islands by using the fitting parameters of TB β and TS β , that are 0.9 Å -1 and 1.1 Å -1 respectively. The good fit indicates that the two-path tunneling model is indeed compatible with the observations.
It is perhaps not surprising that such model produces good fits with the results obtained with alkylsilane SAMs, as it did for the alkylthiol SAMs 24 . This is expected from the increased number of adjustable parameters relative to simple tunneling process.
Our understanding of the physical processes determining charge transfer and tunneling will be incomplete however until the changes in binding between the head groups versus tilt angle are understood. Indeed it was proposed that changes in S-Au binding of the alkylthiol SAMs due to distortions in the chain structure lead to changes in tunneling characteristics, in addition to changes due to increasing tunneling across molecules.
Additional conductance channel involves multiple tunneling junctions through multiple molecules. Similar considerations can apply to the binding between the head groups (Si-O-Si and -OH), which could also be changed under load and produce changes in the tunneling junction characteristics.
V. Conclusion
Influence of charge transport properties on the molecular deformation and frictional responses was investigated for the nanoscale junction of AFM metal coated tip/ alkylsilane/silicon surface. Lower current and friction were observed on the hexadecylsilane islands comparing to the silicon surface. We obtained the effective conductance decay constant (β) of 0.52 Å -1 upon tilting of molecules. If the two-path model is used to fit the data, through-bond and through-space decay constants of 0.9 (/Å) and 1.1 (/Å) are obtained. An understanding of the tunneling processes through these insulating alkyl-chain organic films requires a better understanding of the changes in binding structure of the head groups to the substrate. 
